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Mutants with altered forms of GItC, a positive LysR-type regulator of Bacillus subtilis glutamate synthase
gene expression, were isolated. The mutant GItC proteins stimulated expression from the wild-type git4
promoter region 1.5- to 2.0-fold and from mutant promoter regions up to 80-fold. Moreover, expression of glt4
became much less dependent on a nitrogen source-associated signal.

The GItC protein of Bacillus subtilis, a member of the LysR
family of bacterial transcription activators (12, 23), stimulates
expression of gltA and gitB, the genes that encode glutamate
synthase (5). The glt4 and gitB genes lie adjacent to gltC on the
B. subtilis chromosome but are transcribed in the opposite
direction (5) (Fig. 1). In an accompanying paper (3) we show
that two dyad symmetry sequences (Box I and Box II) in the
region immediately upstream of the glt4 promoter are re-
quired for the positive regulatory activity of GItC at the glt4
promoter; Box I is also necessary for negative autoregulation
of gltC. Box II, overlapping the —35 region of the glit4 pro-
moter, is likely to be the site from which GItC interacts with
RNA polymerase to stimulate git4 transcription. To gain fur-
ther insight into GItC interaction with the gltCA regulatory
region, we sought to identify mutations in the GItC protein that
would compensate for defects in glt4 expression caused by
specific mutations in Box II.

Strains LG243A {gltA194::Tn917 AamyE::[cat D (gltC'p43-
gusA) O(gltA'p43-lacZ)|} and LG249A {gltA194::Tn917 AamyE::
[cat D(gltC'p49-gusA) D(gltA'p49-lacZ)|}, derivatives of strain
SMY carrying the gltA194::Tn917 allele at the glt locus and glt
Ap43-lacZ or glitAp49-lacZ fusions at the amyE locus, form white
colonies on DS agar plates (10) containing X-Gal (5-bromo-
4-chloro-3-indolyl-B-p-galactopyranoside) because of low-level
expression of the mutant gltA-lacZ fusions. (A strain carrying a
wild-type fusion would form blue colonies.) The gltAp43 and
gltAp49 mutations are A-for-T and C-for-T substitutions, re-
spectively, at position —48 with respect to the glt4 transcrip-
tion start point (3). We isolated spontaneous mutants (one
from LG243A and two from LG249A; frequency, ~10~7) that
formed slightly blue or blue colonies. All three mutant pheno-
types were tightly linked (~95%) to the glt4A::Tn917 marker
during transformation (9) of LG243 or LG249 (gltA™ versions
of LG243A and LG249A), indicating that the mutations were
near glitA and might be within gitC. Integrative plasmids carry-
ing different parts of the gltCA regulatory region and the gltC
gene were used to map all three compensatory mutations to
defined regions internal to gitC (Fig. 1).
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To separate the gltfC mutations from the closely linked
gltA194::Tn917 (GItA™ Ery") allele, plasmid pBB559 was first
integrated by a single crossover event into the chromosome of
each gltC gltA double mutant, to create another selectable
marker near glitfC. Plasmid pBB559 is a pBluescript SK(—)
(Stratagene) derivative with a neo cassette (Neo® or Kan") (14),
inserted as a blunt-ended PstI-EcoRI fragment at the blunt-
ended AfII11 site; it also contains between its Clal and HindIII
sites the 0.4-kb Clal-HindIII piece of chromosomal DNA from
an uncharacterized region (unk) located 1 kb downstream of
gltC (4). Chromosomal DNA of the Neo" (unk::pBB559) trans-
formants was isolated (10) and used to transform strain LG200
{AamyE::[cat ®(gltC'p*-gusA) ®(gltA'p*-lacZ)]} to neomycin
resistance. The colonies that had a GItA* Ery* phenotype
(~20% of total transformants) comprised two classes. Some
had the phenotype of the parent strain LG200, and others had
a novel, deeper-blue phenotype which proved to be due to the
presence of the gltC mutations (see below). In contrast to gltC
null mutants, which are unable to grow without glutamate,
these gltC mutants grew at the wild-type rate in minimal me-
dium with or without added sources of glutamate (data not
shown).

Chromosomal DNA of the gltA ™ unk::pBB559 derivatives of
the three gltC mutants was used as a source to clone the mutant
gltC alleles. PstI-digested fragments of the chromosome were
self-ligated (21) and used to transform by electroporation (8)
Escherichia coli JM107 (24), with selection for the Amp” and
Kan" markers of pBB559 on L agar plates with appropriate
antibiotics (19). The resulting plasmids carried 5.2-kb Clal-Pst1
fragments of the B. subtilis chromosome, including the entire
gltC gene and adjacent regions of DNA (4). Sequence analysis
(22) of the appropriate regions of gltC identified the mutations
as single-base substitutions replacing Pro-88, Thr-99, and Ile-
160 of the GItC protein with Leu, Ala, and Lys, respectively
(Fig. 2). None of these mutations altered the putative helix-
turn-helix region of GItC (positions 18 to 37), apparently re-
sponsible for DNA binding (23).

All three gltC mutations caused a moderate increase (1.5- to
2-fold) in expression from the wild-type gltA promoter under
activating conditions (3, 4), i.e., in liquid TSS minimal glucose
medium (10) with ammonia as the sole nitrogen source (Table
1, experiment 1). However, under nonactivating conditions (3),
in proline medium, the gltfC mutations caused a much larger
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FIG. 1. Mapping of gltC mutations by marker rescue. Compensatory mutants of strains LG243A and LG249A were transformed (9) with pIPC10 (3) and its deletion
derivatives (2) carrying parts of the gltCA regulatory region and the gltC gene. The boundaries of the gltCA fragments are given with respect to the proposed gitC
transcription initiation site (3, 5). The SacII site (in parentheses) was constructed by oligonucleotide-directed mutagenesis (15). X, positions of gltC mutations. The +
and — notations indicate the ability of plasmids to rescue mutations in the glitC gene (a —/+ notation reflects very low efficiency of marker rescue). Compensatory
mutations confer a blue-colony phenotype on the parent strains; after marker rescue, transformants regain the white-colony phenotype. ND, not determined.

(15- to 30-fold) increase in expression. As a result, the activa-
tion ratio (that is, gltA-lacZ expression in ammonia medium
versus proline medium) was reduced from >120-fold in wild-
type cells to 8- to 14-fold in gltC mutant cells (Table 1, exper-
iment 1).

In addition to serving as a positive regulator of glt4 expres-
sion, GItC is a negative autoregulator (3, 5). The gltC99 mu-
tation decreased expression of a gltC-gusA fusion seven- to
eightfold (gltC-gusA expression presumably reflects the level of
the GItC-T99A [GltC with a T-to-A change at position 99]
protein in the cells, and thus the potential of this mutant
protein to activate gltA expression may be underestimated).
The other two gltC mutations had small effects on gltC-gusA
expression (Table 1, experiment 1).

As expected from the original mutant isolation scheme, the
gltC mutations compensated for the deleterious effects on gitA-
lacZ expression of some mutations in the gltCA regulatory
region (Fig. 3). None of the mutant proteins was a specific
suppressor of any single mutation or of mutations only in Box
II. The GItC-1160K protein, selected as a compensator of the
T(—48)C mutation in Box II, increased expression of all mu-
tant fusions to about the same moderate extent (1.4- to 3.6-
fold) as for the wild type fusion, i.e., it did not compensate
specifically for any particular defect in the gltCA regulatory
region. The GItC-P8SL and GItC-T99A proteins, selected as

compensators of T(—48)A and T(—48)C mutations, respec-
tively, compensated very efficiently for some (but not the same)
regulatory region defects and had little or no effect on utiliza-
tion of other mutant regulatory regions (Fig. 3).

The fact that different mutations in GItC affect expression of
various versions of the gltCA regulatory region according to
very different patterns and to varying extents (Fig. 3D) strongly
suggests that stimulation of gltA transcription involves direct
interaction of GItC with the Box I-Box II regulatory region,
rather than any modulating effect of GItC on the synthesis or
activity of some other protein.

It is puzzling, though, why the three mutant GItC proteins,
which interact so differently with various mutant forms of the
gltCA regulatory region, show such similar alterations in the
response to nitrogen sources. The basis for apparent partial
effector independence of GltC may be indirect, however. Mu-
tations that increase by about 1 helical turn the separation of
Box I and Box II in the gltCA regulatory region also increase
gltA expression and cause partial relief of nitrogen source de-
pendency in cells containing wild-type GItC (3). The most
likely explanation for these phenotypes is that the insertion
mutations facilitate interaction of GItC proteins (most proba-
bly dimers) bound to Box I and Box II (3). The fact that such
spacing mutations and the glfC compensatory mutations have
very similar effects and are not additive when combined in the
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FIG. 2. Sequence alterations in g/tC mutants. The sequences of the internal parts of the g/tC gene and GItC protein are shown. Nucleotide and amino acid changes
are shown above and below the sequence lines, respectively. Coordinates refer to the proposed gitC transcription initiation start point and GItC codon positions,
respectively (3, 4). Relevant restriction sites are shown in boldface type. The Sacll site (in parentheses) was constructed by oligonucleotide-directed mutagenesis (15)
replacing T (position 306) with C. The mutations were sequenced by the dideoxy chain termination method (22) with glt-specific oligonucleotides. Plasmid double-
stranded DNA to be sequenced was purified by using the Qiagen miniprep purification kit (Promega Corp.). A Sequenase reagent kit (United States Biochemical Corp.)
was used according to the protocol of the manufacturer. The wild-type sequence has been assigned GenBank accession number M28509.

TABLE 1. Effects of gltC mutations on gltA-lacZ and
gltC-gusA expression

B-Glucuroni-
Regulatory region B-Galactosidase activity” dase activity”

g{t C allele within fusion (gltA-lacZ fusion) (8!tC-gusA fu-
(dlt the gir (at the amyE sion)
ocus) locus) a NH,CV/ 1
NH, Pro Pro ratio NH,Cl Pro
Expt 1°
ghC* gltAp™ 758 <06 >120 07 08
ghtC88 ghtAp™ 110.8 125 89 15 1.2
gltC99 gltAp™ 1541 199 7.7 01 0.1
glitC160 gitAp™ 114.5 8.2 140 05 0.5
Expt 2¢
glC* gltApS6 1835 233 79 01 01
glhtC88 glitAp86 541 ND? ND¢ 1.9 ND¢
gltC99 gltAp86 392 NDY ND¢ 32 ND¢
ghtC160 gltAp86 1523 19.7 7.7 01 0.1

¢ Bidirectional gltA'-lacZ and gltC’'-gusA fusion constructs were at the amyE
locus (3). Cells were grown in TSS-glucose minimal medium with different
nitrogen sources (10). B-Galactosidase and B-glucuronidase activities were as-
sayed as described previously and expressed in units (3). The averages of at least
duplicate experiments are presented (variance was less than 15%).

b Strain LG200 (3) and its unk::pBB559 gltC derivatives (unk::pBB559 had no
effect on gltA and gitC expression [data not shown]).

€ gltAp86 is a mutant version of the gitCA regulatory region in which the
distance between Box I and Box II is increased by 9 bp (3). The fusion was
integrated into strain SMY (glt*) or its unk::pBB559 gltC derivatives.

4 ND, not determined.

same cell (Table 1, experiment 2) is consistent with the idea
that they affect the same aspect of glt4 activation, that is, GItC
dimer-dimer interaction. Moreover, the decreased activity of
the gltAp86-lacZ fusion (with increased spacing between Box I
and Box II) in gltC88 and gltC99 mutants suggests that these
mutant GItC proteins are not simply locked in a partially ac-
tivated conformation (Table 1, experiment 2). To rationalize
our results, we speculate that the modified response to a ni-
trogen source-dependent signal is the result of altered dimer-
dimer interactions of the compensatory GItC proteins.

The GItC-P8SL protein stimulates expression from the gitA-
lacZ fusion containing the Q(—57, —56)A mutation nearly to
the level obtained with the wild-type fusion (Fig. 3A), even
though this insertion alters both the distance between Box I
and Box II and their relative rotational orientation. This result
can best be explained by creation of novel contacts between
dimers of GItC-P8SL. The contacts made by GItC-T99A are
still dependent on the precise rotational orientation of Box I
and Box II (Fig. 3B), but they seem to be partially disrupted (as
are GItC-P88L dimer-dimer contacts) if the distance between
the two boxes is increased by 1 helical turn (Table 1). When
Box I and Box II are in their normal positions, the contacts
formed by these mutant proteins must be stronger than those
made by wild-type GItC, since they partially alleviate the re-
quirement that both boxes be intact. The sequence of Box II is
particularly malleable in the gitfC99 mutant (Fig. 3). Such al-
tered contacts may also be more effective at the wild-type
promoter, leading to the elevated expression and partial con-
stitutivity with respect to the nitrogen source seen with these
mutants.

The I160K mutation increases expression from wild-type
and from all Box I and Box II mutant glt4 promoters to the
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FIG. 3. Effect of mutations in gltC on gltA-lacZ expression. B. subtilis strains carrying compensatory mutations in glitC (together with the unk::pBB559 insertion) and
gltA-lacZ fusions with different mutations in the regulatory region integrated at the amyE locus were grown at 37°C in TSS (10) minimal medium with 0.5% glucose
and 0.2% NH,Cl as sole carbon and nitrogen sources, respectively. B-Galactosidase activity was assayed as described previously (3). (A) gltC88; (B) gltC99; (C) gltC160;
(D) ratio between activities of individual gltd-lacZ fusions in a glfC" strain and in each of the gltC mutants (compensation factor). w.t., wild type.
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same relative extent. The increased expression from the wild-
type promoter is slightly enhanced by a 1-helical-turn insertion
between Box I and Box II (Table 1). We surmise that interac-
tion between GItC-I160K dimers is essentially normal but
more effective than interaction of wild-type dimers, thereby
again causing partial effector independence.

In summary, we suggest that the function of a nitrogen
source-dependent signal in gltA4 regulation is to promote GItC
dimer-dimer interaction as a means of facilitating or stabilizing
GItC binding to Box II (the activation site). Any mutation in
GItC that leads to stronger dimer-dimer interaction (as postu-
lated here for the compensatory gltC mutations) or tighter
binding to Box II should alleviate the requirement for a nitro-
gen source-dependent signal in gltA activation.

Stronger dimer-dimer contacts not only may stabilize GItC
binding to Box II but also could be expected to increase GItC
binding to Box I. This should be reflected in a higher level of
repression of a gltC-gusA fusion, as was observed for the GItC-
T99A protein (Table 1, experiment 1). But in some cases,
stronger binding to Box II may displace the GItC protein com-
plex in such a way that it partially loses its ability to autore-
press. This may explain why we do not see a correlation be-
tween abilities of the mutant GltC proteins to activate glt4 and
repress glitC (Table 1).

All three gltC compensatory mutants have substitutions in or
near a region in LysR-type proteins that has been thought to be
involved in effector recognition and response (11, 23), because
mutants altered in this region (defined by positions 95 to 173 in
various proteins) either acquire partial activity in the absence
of their effectors or fail to respond to the effectors, even though
they are not altered in DNA binding (23). Partially constitutive
mutants, similar to those described here for GItC, have been
identified for NodD (18), CatM (20), NahR (13), CysB (7, 16),
AmpR (1), OccR (6), and OxyR (17) proteins. It seems pos-
sible that the apparent defects in effector response attributed
to mutant forms of these proteins are actually due to changes
in protein-protein interaction.

We thank A. Wright for careful reading of the manuscript.
This work was supported by Public Health Service grant GM36718.
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